Abstract : Forest-grown American ginseng (Panax quinquefolius L.) is exposed to daily and seasonal light variations. Our goal was to determine the effect of understory light changes on the maximum quantum yield of photosystem II, expressed as F v /F m , and photosynthetic pigment composition of two-year-old plants. Understory light photon flux density and sunfleck durations were characterized using hemispherical canopy photography. Our results showed that understory light significantly affected the F v /F m of American ginseng, especially during the initial development of the plants when light levels were the highest, averaging 28 mol m -2 d -1
INTRODUCTION
American ginseng (Panax quinquefolius L.) is a perennial shade plant endemic to the shady understory of broadleaf forests, 1, 2) highly valued for its medicinal properties generally attributed to the presence of ginsenosides. 3, 4) Ginseng plants growing in North American conditions begin their foliar development in late spring (May) which coincides with the beginning of the development of the forest canopy leaves. Forest understories offer a heterogeneous light environment as the light levels not only vary seasonally due to the development of the forest canopy, but also daily due to the presence of sunflecks. Once the development of the forest canopy is complete from end of May to late June, 2) understory plants are generally exposed to moderate light intensities, although they remain exposed to sunflecks. Sunflecks can be sources of excessive light which have been shown to affect the physiology of various shade plants. 5, 6) American ginseng has been shown to adapt its metabolism 7, 8, 9) according to light conditions, and the plant's aclimation responses are similare to those observed for Asian ginseng (Panax ginseng C.A. Meyer). 10, 11, 12, 13) However, the extent to which American ginseng plants are capable of adapting their photosynthetic pigments, includ-# To whom correspondence should be addressed. (Tel) 418-656-2131; (Fax) 418-656-3515 (E-mail) doraisma@agr.gc.ca ing carotenoid levels, when exposed to high light levels, especially sunflecks, during the initial development of the forest canopy, and then maximize their energy capture once the forest canopy has completed its development has not been studied. Generally, light conditions are more important than a plant's genetic predisposition in determining the pigment content and leaf composition, 14) providing an added reason to evaluate American ginseng's tolerance to light conditions found in forest understories. Only a few studies have looked at the physiological acclimation of Asian ginseng to understory light, revealing that plants exposed to light intensities varying from 10% to 35% of the solar radiation have higher photosynthetic rates and chlorophyll contents than those exposed to lower (less than 10% of the solar radiation) and elevated light intensities (above 35% of the solar radiation). 15) Evaluating how American ginseng plants adapt to the changing light levels in the forest understory is essential since the high light levels in the spring have been shown to be critical in whole-plant relative growth of several understory shade-tolerant species as it is a period of rapid accumulation of biomass. 16) Sunflecks have also been shown to be essential light sources for various shade-tolerant species, 6) especially when these plants are exposed to sustained high light, below which an acclimation state may not occur. 17) However, sunflecks can be sources of excessive light, depending on their duration and periodicity, and can affect the physiology of shade plants 5, 6) by causing severe photooxydative damage. 5, 18) To prevent or at least minimize the possible damages to the chloroplasts when exposed to excessive light levels, higher plants ubiquitously rely on several photoprotective mechanisms, such as the xanthophyll cycle that enables the non-destructive dissipation of excess light absorbed by the chlorophyll pigments, 19, 20, 21, 22, 23) and changes in chlorophyll concentrations. 24) The photoprotective mechanisms present in ginseng plants appear to be limited since previous studies have shown that Asian ginseng plants exposed to prolonged periods of high light levels (720 µmol m -2 s -1
) suffer from bleaching of chlorophyll pigments followed by premature leaf death. 1, 12) Therefore, determining the extent to which American ginseng plants are capable of limiting photooxidative damage to their chloroplasts during the initial development of the forest canopy is key to successfully growing this medicinal plant in forest systems. The objective of this study was to determine the variation in (i) F v /F m , representative of the maximum quantum yield of PSII, and (ii) chlorophyll and carotenoid pigment concentrations in two-year-old American ginseng plants in relation to changes in direct, diffuse and total light levels, and sunfleck durations in the understory of a broadleaf forest during a growing season. , the soil was tilled to a depth of 15 cm and lime was incorporated into the soil mixture (6 t ha 
MATERIALS AND METHODS

Plant materials and experimental design
Statistical analysis
Statistical analysis was performed using the program named Essential Regression for Excel 97 (ER, 2.219). Using multiple linear regression analysis, the effect of light levels (total (direct+diffuse), direct, and diffuse PFD, and sunfleck duration) and sampling time (15 sampling periods) on F v /F m and pigment levels was evaluated. Multiple linear regression analysis was also performed to determine the relationship between F v /F m and pigment levels and dry weight of the shoots and roots of two-yearold American ginseng plants.
Estimation of daily and cumulative light levels and sunfleck durations
Understory total, direct and diffuse photon flux density (PFD), and sunfleck durations were estimated in each experimental site using hemispherical canopy photography. 25) The leaf area index (LAI), an estimation of the area covered by forest canopy leaves, was also measured using hemispherical canopy photography. Due to the heterogeneous nature of the forest canopy, there was no rep-etition of light levels, and light conditions were estimated at fixed points (one point per plot) in each plot. Previous studies showed that there are positive correlations between direct sensor measurements and indirect photographic estimates of light transmission with hemispheric photographs. 26, 27) From May to June 2000, photographs were recorded twice weekly in each plot and at three-week intervals from July to September 2000 (total of 15 times). Hemispherical photographs of the forest canopy were taken skyward on overcast days with uniform cloud cover using a digital camera (CoolPix 800; Nikon Corp., Tokyo, Japan) equipped with a fisheye lens converter (FC-E8; Nikon Corp.) assembled on a Manfrotto leveled tripod one meter above ground level.
The images were analyzed using the imaging software Gap Light Analyzer, version 2.0 (University of Victoria, BC, Canada) which uses a solar radiation model that accounts for the influence of topography and seasonal patterns of cloudiness to estimate light levels. The software estimated mean daily PFD transmitted through the forest canopy during a time period (start and end dates) which, in our case, was from the day after the previous session to the day photographs were recorded. Parameters included in the program are the physical location of the site (geographical location, slope, elevation), solar constant, cloudiness index, beam fraction (ratio of direct to total spectral radiation), and a clear-sky transmission coefficient based on North American conditions. Images were analyzed by transforming image pixel positions into angular coordinates, dividing pixel intensities into sky and non-sky classes (canopy foliage), and computing sky brightness distributions. The estimation of sunfleck durations using hemispherical photography does not take into consideration the movement of canopy leaves by the wind and the effect of clouds. 25, 28) 4. Air temperature measurements From May to September 2000, air temperature was measured using a Data logger (RD-Temp, Omega Technologies Company, Laval, Canada) set at a 12 min recording interval and placed two meters from the ground.
Gingeng leaflet area and maximum quantum yield of PSII measurements
Using a planimeter (LI-3000A, LI-COR inc., Lincoln, Nebraska, USA), third leaflet area was measured for five samples per experimental unit during each sampling event. Maximum quantum yield of photosystem II, F v /F m calculated as (F m -F o )/F m , 29) was measured on third American ginseng leaflets using a Plant Efficiency Analyzer (Hansatech Ltd., Norfolk, UK). From May to June 2000, fluorescence measurements were recorded twice weekly on five samples in each plot and at three-week intervals thereafter. The measurements were made from about 8:30 to 10:00 on 25 min dark adapted leaves. 30) The leaves were dark-adapted using leaf clips. A total of 125 measurements of fluorescence were recorded during this study.
Pigment analysis
Chl a, Chl b, V, A, Z, lutein, neoxanthin and β-carotene concentrations were quantified for third leaflets (three samples per plot) collected between 9:00 to 10:00 once weekly from May to beginning of July, and every threeweeks thereafter until September. The leaflets were immediately placed in liquid nitrogen after sampling and then preserved at -80 o C until extractions were performed. The three leaflets collected in each plot were pooled and a total of 350 individual analyses were performed during the season. The pigment extraction process was performed in a green illuminated room. Four extractions were performed using a methanol:water (85:15 v/v) for the first extraction and pure ice-cold methanol for the three subsequent extractions. The supernatant was stored at -80 o C until analysis. A volume of 50 µL of the supernatant was injected into a reverse phase HPLC using a Resolve TM C18 column (Waters, 3.9×300 mm, 5 µm particle size) connected to Resolve TM guard-pak inserts. The nature and quantity of each pigment were characterized 31) using Z, Chl a, and Chl b as standard pigment preparations obtained from Sigma (St-Louis, Missouri, USA). Spectral information was used to identify pigments V, A, lutein, neoxanthin and β-carotene.
Dry weight of Shoots and Roots
In July and September 2000, five American ginseng plants were randomly selected in each experimental unit to measure shoot and root growth. Shoot and root dry weights were determined after a 48-hr drying period at 40 o C. Average values were calculated for each experimental unit and used in statistical analyses.
RESULTS
Light levels and sunfleck durations
During the development of the forest canopy in early May, understory total, direct and diffuse PFDs were at their highest levels of the season and dramatically decreased by over 61% following canopy development (Fig. 1) . Similarly, sunfleck durations in the understory decreased by 76% following the development of the forest canopy (Fig.  1) , respectively.
Leaf area of forest canopy and ginseng leaves
The leaf area index (LAI) of forest canopy leaves quadrupled in the span of a week (from mid-May to end of May) with little variation thereafter ( Fig. 2A) , whereas leaflet area of two-year-old American ginseng plants increased gradually from a low of 4.6 cm 2 in mid-May to 34.5 cm 2 in July and stabilized thereafter (Fig. 2B) . Twoyear-old American ginseng plants developed from midMay to June, and they were mature in July (Fig. 2B ).
Air temperature
In the experimental site, air temperature was at its lowest in mid-May with day and night temperatures of 14 o C and 7 o C, respectively (Fig. 3) . Air temperatures in the forest understory gradually increased to reach day temperatures of 20 o C in July (Fig. 3 ). After July, air temperatures in the forest understory gradually decreased (Fig. 3) .
Fluorescence
In mid-May, developing American ginseng plants expressed the second lowest average F v /F m of the growing season with 0.70 (Fig. 4A) . By the end of May, F v /F m of ginseng plants increased by over 11% to an average of 0.78, and further increased to 0.79 during the month of June (Fig. 4A) . Both diffuse PFD and sampling time affected F v /F m during the development of American ginseng plants (Table 1) where the F v /F m of two-year-old developing plants from mid-May to June was negatively linearly correlated with daily diffuse PFD and positively linearly correlated with sampling time, accounting for 59% of the variation ( Table 1) . As the season progressed, F v /F m gradually increased to reach an average value of 0.81 during the month of August (Fig. 4A) . In mature plants, F v /F m was best predicted by daily total PFD, accounting for 21% of the variation (Table 1) where mature plants exposed to higher daily total PFD had lower F v /F m than those exposed to lower daily total PFD, even when the total PFD changes were generally low (5.1 to
) (Fig. 1 ). In September, there was a sudden drop in F v /F m to an average of 0.68 (Fig. 4A) at which time, a general yellowing of the leaves in the experimental site was noted.
Epoxidation state of the xanthophyll cycle (EPS)
The EPS in two-year-old American ginseng plants was at its lowest value in mid-May (0.63) (Fig. 4B) when American ginseng plants were exposed to the highest PFDs of the season (Fig. 1) . From mid-May to end of May, EPS increased by 44% followed by its stabilization thereafter (Fig. 4B) . EPS levels in developing American ginseng plants were negatively linearly correlated with daily diffuse PFD, accounting for 62% of the variation (Table 1 ). In contrast, EPS levels in mature plants (July to August) were not correlated with light PFD or sampling time (Table 1) .
Chl a+b, Chl a/b, VAZ/Chl a+b, VAZ/Total Car
Chl a+b (Fig. 5A ) and Chla/b (Fig. 5B) in two-year-old American ginseng plants gradually decreased during the growing season, where the highest levels were measured in mid-May. The Chl a+b ratio in developing and mature American ginseng plants was not correlated with light PFD or sampling time (Table 1) . While the Chl a/b ratio in developing American ginseng plants was positively linearly correlated with direct PFD accounting for 20% of the variation, Chl a/b was not correlated with light PFD in mature plants (Table 1) .
Ginseng plants exposed to the highest light levels of the season (mid-May) had 9% lower VAZ/Chl a+b than plants at the end of May, and in June, the ratio decreased to levels well below those measured in mid-May (Fig. 6A) . Diffuse PFD and sampling time were correlated with VAZ/Chl a+b ratio in developing American ginseng plants, accounting for 48% of the variation ( Table 1) . The VAZ/Chl a+b ratio was not correlated with light PFD or the duration of sunflecks in mature American ginseng plants (Table 1 ) with averages ranging from 1.23 to 1.29 (Fig. 6A) . During the growing season, VAZ/Total Car in two-year-old American ginseng plants consistently decreased until the end of the growing season (Fig. 6B) . While VAZ/Total Car was not correlated with light PFD or sunfleck durations in developing American ginseng plants, this ratio was positively linearly related to diffuse PFD in mature plants, accounting for 30% of the variation (Table 1) .
Relationship between F v /F m and root and shoot dry weight, and pigment contents
Although no significant relationship was found for root DW (data not shown), the shoot DW of two-year-old American ginseng plants collected in July 2000 was negatively linearly related to F v /F m (Fig. 7) . The F v /F m measured in two-year-old American ginseng plants was positively linearly related to the interaction between EPS, VAZ/Chl a/b, Chl a/b and VAZ/Total Car during the development of American ginseng plants (May to June) (Fig.  8A) , accounting for up to 64% of the variation. The F v /F m was also positively linearly related to EPS from July to August, accounting for 25% of the variation (Fig. 8B ).
DISCUSSION
Our results suggest that leaf-level acclimation is a strategy used by forest-grown American ginseng to capitalize on the short periods of high PFDs and long sunfleck durations during the initial development of the forest canopy while minimizing negative carbon balance during the summer months of shade and shorter sunfleck durations. Exposed to the highest total PFDs of the season, averaging 28 mol m -2 d -1 or 365 µmol m -2 s -1 (Fig. 1) , young ginseng plants expressed an average maximum quantum yield of PSII of 0.70 (Fig. 4A) , which is among the lowest measurements of the season and indicative of photoinhibition. Our results are concordant with Parmenter and Littlejohn (1998) 11) for Asian ginseng plants grown under artificial shade, and could indicate the presence of important fluorescence quenching mechanisms. 19, 20, 32) In midMay, the lowest EPS of the season was recorded (Fig.  4B) , indicating a greater investment in Z and A in the leaves to evacuate excess light energy that could cause damages to the photosynthetic apparatus. The xanthophylls, especially Z, are essential elements that evacuate excess light energy absorbed by plants and these pigments can contribute to the elimination of over 75% of absorbed photons as heat. 20) The low air temperatures, below 15 o C (Fig. 3) , in May could have significantly contributed to stunting F v /F m of American ginseng plants at the beginning of the growing season since our results showed that sampling time significantly influenced F v /F m (Table 1) . Previous studies have shown that American ginseng plants exposed to air temperatures of less than 25 o C have rapidly declining photosynthetic rates. 7, 33) However, the added effect of the low temperatures ( Fig. 3) with high light levels (Fig. 1) during the initial deployment of the canopy did not induce permanent photodamage to the photosynthetic apparatus, as shown by the reestablishment of high F v /F m thereafter (Fig. 4A) .
Similar to higher plants, 17) our results showed that the Chl a/b ratio in developing American ginseng plants was largely influenced by direct PFD (Table 1 ). In mid-May, the Chl a/b in developing ginseng plants was higher than 5 ( Fig. 5A) , showing a high investment in Chl a-binding core antenna proteins relative to Chl a/b bonding lightharvesting complexes 34) to minimize the absorption of excess light. In mid-May and June, the Chla/b ratio and xanthophyll pigment content (Fig. 8A ) were significantly correlated with Fv/Fm, accounting for up to 64% of the variation, when the highest light levels of the season were recorded. However, our results did not show a significant correlation between Fv/Fm and Chl a+b probably because Chl content does not necessarily dictate the actual potential for photon capture. 35) An increase in VAZ/Chl a+b (Fig. 5B) in the leaves of developing American ginseng plants was observed, which could have acted as a defense mechanism by reducing the formation of reactive oxygen during severe chilling, 36) especially during the early development of the plants when they were exposed to air temperatures averaging 7 o C. Although photoinhibition occurred when American ginseng was exposed to long sunflecks and elevated PFDs during initial forest canopy development, plants benefited from these elevated light PFDs with increased carbon gains. Our results showed that plants exposed to the highest light levels and longest sunflecks from mid-May to July had increased shoot weight gains (Fig. 7) . These results are concordant with Sims and Pearcy (1993) 37) which showed that the carbon gain of an understory plant exposed to sunfleck regimes was 26% to 60% of those grown under diffuse light. After full closure of the forest canopy (July to September), there was no significant relationship between plant growth and light, presumably because the PFDs and sunfleck durations were severely low in the forest understory, with values below 5 mol m , respectively, which are well below optimal light levels for ginseng growth. 15) The fluorescence quenching mechanisms used by ginseng plants to dissipate the excess PFD was sufficiently rapid to prevent any permanent or long-term pigment degradation since the F v /F m increased by over 10% in the span of less than a week (from May 20 to 26) following the development of the forest canopy (Fig. 4A) While American ginseng plants were exposed to high light levels during the initial deployment of the forest canopy, they were exposed to less than optimal light levels (less than 10.3 mol m -2 d -1 or 188 µmol m -2 s -1 total PFD) after the full development of the forest canopy and until the end of the growing season (Fig. 1) . The elevated F v /F m measured in July and August (Fig. 4A) suggest that mature two-year-old American ginseng plants were not only exempt from light stress, but also from temperature and other stresses, which have been shown to influence F v /F m. 38, 39) Our results showed that average day air temperatures in the forest understory during July and August did not exceed 20 o C (Fig. 3) , which is within an acceptable level for optimal photosynthetic rates of ginseng plants. 7, 33) When American ginseng plants were exposed to sunflecks after full closure of the forest canopy, the EPS was the preferred mechanism to evacuate any excess light energy, accounting for 25% of the variation in Fv/ Fm (Fig. 8B) . However, although American ginseng is a shade plant and therefore shade loving, the relative electron transport rate and carbon fixation rate were probably well below that of light saturation when exposed to the low light PFDs (less than 188 µmol m -2 s -1
) after forest canopy development, as previously shown in Asian ginseng plants. 12, 40, 41) At the end of the growing season (September), our results indicated that senescence had begun because the ginseng plants showed signs of leaf chlorosis. At this time, F v /F m had decreased by 17% (Fig. 4A) with an associated 20% drop in total Chl concentration (Fig.  5A) . Our results are concordant with the fact that Chl degradation and decreases in F v /F m are closely observed during leaf senescence. 42) Forest-grown American ginseng plants acclimate to understory light conditions by changing from energy dissipation of absorbed photons during the initial deployment of the forest canopy to light limitation after the deployment of the forest canopy. Our results showed that daily and seasonal light changes significantly influenced the photosynthetic utilization, as shown by the variations in F v /F m , and the photosynthetic pigment composition of two-year-old American ginseng plants, especially in midMay when the light levels were the highest (28 mol m , Chl a/b also decreased suggesting that the plants were increasingly investing in light harvesting pigments versus reaction centers in order to absorb the fleeting light energy. Further research is necessary to determine how developing versus mature American ginseng plants grown in a forest understory are influenced by higher PFDs than those tested in this study ), and at which PFD chlorosis and irreversible photoinhibition would be observed.
